Stellar surface rotation carries information about stellar parameters-particularly ages-and thus the large rotational datasets extracted from Kepler timeseries represent powerful probes of stellar populations. In this article, we address the challenge of interpreting such datasets with a forwardmodeling exercise. We combine theoretical models of stellar rotation, a stellar population model for the galaxy, and prescriptions for observational bias and confusion to predict the rotation distribution in the Kepler field under standard "vanilla" assumptions. We arrive at two central conclusions: first, that standard braking models fail to reproduce the observed distribution at long periods, and second, that the interpretation of the period distribution is complicated by mixtures of unevolved and evolved stars and observational uncertainties. By assuming that the amplitude and thus detectability of rotational signatures is tied to the Rossby number, we show that the observed period distribution contains an apparent "Rossby edge" at Ro thresh = 2.08, above which long-period, high-Rossby number stars are either absent or undetected. This Ro thresh is comparable to the Rossby number at which van observed the onset of weakened magnetic braking, and suggests either that this modified braking is in operation in the full Kepler population, or that stars undergo a transition in spottedness and activity at a very similar Rossby number. We discuss the observations necessary to disentangle these competing scenarios. Regardless of the physical origin of the edge, old stars will not be observed at the rotation periods expected under vanilla braking scenarios, biasing the inferred age distributions: this affects stars older than ∼ 9 Gyr at T ef f = 5100K, older than roughly 4.2 Gyr at solar temperatures, and 1.5 Gyr at 6500K. Below 5100K, rotation periods should be detectable and viable age diagnostics even in the oldest stars in the population. Beyond the presence of a long-period edge, the mixed nature of the stellar population further complicates the interpretation of rotation periods. In particular, for stars hotter than 5500K, K p < 16 mag, with rotation periods less than 70 days, 26% of the stars in the raw TRILEGAL population model are subgiant "contaminants", although this fraction is reduced to 12% if the Kepler target selection process was efficient at discriminating evolutionary state. These stars may be present at the same colors and periods as their MS counterparts but have a different period-age relationship than dwarfs; their subgiant nature should be apparent with the addition of Gaia astrometric information.
INTRODUCTION
Rotation is one of the fundamental properties of stars, and yet it is only recently that we have datasets with jlvs@hawaii.edu spot-modulation rotation period measurements that number in the tens of thousands, rather than the hundreds. We are poised to study the rotational characteristics of mixed, complex populations, to uncover hitherto unrecognized behaviors, and to utilize rotation as a tool alongside more traditional stellar observables.
Stars are born with a range of rotation periods. These periods evolve over the lifetime of the star as a consequence of angular momentum loss, transport, and evolution of the stellar moment of inertia. A striking dichotomy exists in the observed rotational distribution of solar-type stars: all but the youngest (single) cool stars are slow rotators, with periods of tens of days, whereas the hot stars (T ef f > 6250K) are rapid rotators, often with periods of a few days (Kraft 1967) . This behavior is the consequence of deep convective envelopes in cool stars that help to drive magnetic dynamos, which enable angular momentum loss via magnetized stellar winds (Parker 1958; Weber & Davis 1967) . The hot stars, with very shallow convective envelopes, do not undergo this magnetic braking on the main sequence and largely retain their rapid rotation and wide range of initial rotation periods. Subgiants of both classes of MS rotators should display slower rotation, due both to physical expansion and the presence of deep convective envelopes and the accompanied magnetic braking across all masses (van Saders & Pinsonneault 2013) .
The magnetic braking in cool dwarfs produces a relationship between rotation period and age. Rotation rate is observed to decline roughly as t −1/2 (Skumanich 1972) in young-to intermediate-age main sequences stars. The strong rotation rate dependence of the magnetic braking (typically dJ/dt ∝ ω 3 , e.g. Kawaler 1988 ) causes the wide range of initial rotation rates to converge to a nearly unique value at ages greater than ∼ 0.5 Gyr for solar analogs (Pinsonneault et al. 1989 ; see Gallet & Bouvier 2015 for a recent discussion including mass trends). The technique of "gyrochronology" (Barnes 2007 ) capitalizes on this behavior to provide rotation-based ages.
Gyrochronology relationships are generally calibrated empirically, using samples of stars with independently determined ages (e.g. Mamajek & Hillenbrand 2008; Meibom et al. 2009; Barnes 2010; García et al. 2014; Angus et al. 2015) . For sub-solar stellar mass stars, rotation-based age determinations may be among the most precise and practical, since rotation can be more constraining than isochrone methods, and requires only a modest observational investment in comparison to other high-precision methods, such as asteroseismology (Epstein & Pinsonneault 2014) . It seems likely that for at least some subset of masses and evolutionary states, period-age relations will be the tool of choice for inferring precise ages for large samples of dwarf stars.
The Kepler mission has provided unprecedented access to the rotation periods of stars thanks to its long duration (∼ 4 years), extremely precise (∼ 10s of ppm for bright stars), high-cadence (30 minute) observations. Rotating, spotted stars display modulation in their lightcurves, providing a means to measure stellar surface rotation periods. Several groups have extracted large rotation datasets from the Kepler lightcurves to date: ∼ 1000 exoplanet candidate host stars (Walkowicz & Basri 2013; Ceillier et al. 2016; Angus et al. 2018) , ∼ 300 asteroseismic dwarfs (García et al. 2014) , 12,000 FGK stars (Nielsen et al. 2013) , 24,000 stars in Reinhold et al. (2013) , ∼ 34, 000 stars (McQuillan et al. 2013 (McQuillan et al. , 2014 , and ∼ 18, 500 stars in Reinhold & Gizon (2015) . We are therefore in a position, for the first time, to study the rotation distributions of large samples of stars drawn from a full and varied stellar population.
Kepler data have furthermore provided a rich calibration set for gyrochronology. Observations of the open cluster NGC6819 confirm the viability of gyrochronology for intermediate-aged (2.5 Gyr) solar mass stars (Meibom et al. 2015) , but asteroseismic data have provided the first evidence that standard gyrochronology relations fail in older stars (Angus et al. 2015; van Saders et al. 2016) . The combination of new calibrators and large field star samples make this an ideal time to address questions regarding the magnetic braking behavior of low-mass stars.
We expect the interpretation of large collections of rotation periods to require care, particularly when it comes to inferring rotation-based ages. The cool, single dwarf population itself contains a mixture of stellar types, ages, and compositions, all of which affect the rotation periods we expect to observe. Furthermore, rotation periods that are drawn from the field are subject to a number of "contaminating" populations: hot stars, evolved stars (mainly subgiants), and synchronized or blended binaries. These sub-populations may have periods that are identical to stars in the single, cool dwarf population, and yet obey a very different mapping between period and age (van Saders & Pinsonneault 2013) . In addition to a complex underlying population, most samples of rotation periods should also be subject to detection bias: more rapidly rotating and active stars are easier to detect, which tends to preferentially favor the detection of relatively young objects. This is a well-posed problem for forward modeling with full stellar evolutionary models. As discussed in van Saders & Pinsonneault (2013) and van Saders et al. (2016) , a semi-empirical treatment of angular momentum evolution, rather than parametric fits between color and rotation period, enables a far more nuanced treatment of rotation. These models include empirical initial conditions and a calibration of angular momentum loss rates against cluster and field stars of known mass, com- percentile rotation period, and will be used as a reference throughout this article.
position and age, coupled to evolutionary models that track structural evolution with time. This approach is particularly important for field populations with a mixture of metallicities, as it naturally accounts for the structural impact of composition. It is also important to conserve angular momentum in the absence of torques, which is not a required feature of empirical gyrochronology relations. We therefore perform a forward modeling exercise and compare the results with the observed stellar rotation period distribution in the Kepler field.
ROTATION AND GALACTIC POPULATION MODELING
A standard model of a rotating stellar population requires a certain minimum subset of assumptions and inputs. Our approach incorporates three distinct components:
1. A theoretical model of angular momentum loss in stars. This includes the choice of initial conditions, internal angular momentum transport and loss prescription, and the structural evolution as a function of mass, composition, and age. Once combined, we can construct a model of the period distribution in the Kepler field that is directly comparable to the results of searches for periodicity, and assess the performance of our model against the observations.
Observational Comparison Set
Although multiple teams have developed and utilized pipelines to extract rotation periods from Kepler lightcurves, we choose to work with the period sample of McQuillan et al. (2014, hereafter MMA14) . This particular rotation dataset represents the largest homogeneous determination of rotation periods in the Kepler field to date, and the methodology employed tends to recover longer period variables than competing methods. It has been tested with hound-and-hare injection and recovery exercises , and utilizes a set of well-defined criteria, determined via a training set, for distinguishing between periodic and non-periodic sources. We have reproduced the MMA14 T ef f -period diagram in Figure 1 , which represents ∼ 34, 000 stars. Features in the rotation distribution of particular note are marked in the diagram. Some features, such as the gap (Fig 1, a) at around 4500 K, simply reflect artifacts in the catalog properties (in this case, a mismatch in T ef f solutions between cool and hot dwarfs.) Others, however, represent global properties to be explained by our model. There is a reasonably sharp upper bound (Fig 1, b) to the periods for our sample, but for hotter targets there is also a population of relatively longperiod stars (Fig 1, c) . This is important because it indicates that McQuillan et al. (2014) could detect long periods in some targets but did not see them in most. McQuillan et al. (2014) also noted an "M-dwarf dip", visible as a kink in the upper envelope of rotation periods at around 3700K (Fig 1, d) . Furthermore, there is a notable bimodality in the rotation periods of cool stars (Fig 1, e) , which MMA14 interpreted as structure in the age distribution of nearby stars.
Stellar Models
We make use of the grid of stellar rotation models created using the Yale Rotating Evolution Code (YREC) from van Saders & Pinsonneault (2013) and van Saders et al. (2016) . Briefly, these models assume solid body rotation, and draw their initial conditions from the period distributions in young (< 0.5 Gyr) open clusters. Non-rotating stellar models ranging in mass from 0.4 − 2.0M ⊙ are evolved while tracking stellar parameters, which are then input into a braking law of the form (Matt et al. 2012; van Saders & Pinsonneault 2013) :
where f K is a scale factor tuned to reproduce the solar rotation period at the solar age, ω crit the saturation threshold, and τ cz the convective overturn timescale, calculated using convective velocities inferred from mixing length theory one pressure scale height above the convective boundary. K M is a collection of scalings with fundamental parameters designed to trace magnetic field strength and stellar mass loss:
with luminosity L, mass M , radius R, and photospheric pressure P ph . Such a form assumes that the mean field strength scales with the photospheric pressure, and that mass loss scales with the X-ray luminosity (e.g. Wood et al. 2002) which in turn scales with bolometric luminosity (e.g. Pizzolato et al. 2003) . The factor c(ω) is the centrifugal correction from Matt et al. (2012) ; here we assume c(ω) = 1, appropriate for slow rotators. This braking law preserves the transition in rotation rates between hot and cool stars particularly well in comparison to more traditional prescriptions (such as Kawaler 1988) , which tend to predict slow rotation in the hot stars. In this paper we adopt the calibration of van Saders & Pinsonneault (2013) , where the initial condition was the deuterium burning birthline. Their best fit was an initial rotation period of 8.134 days, critical rotation velocity ω crit = 3.394 × 10 −5 s −1 , disk locking timescale of 0.281 Myr, and f K = 6.575. Because the angular momentum evolution is derived in a post-processing fashion from the evolutionary tracks, these models do not include the effects of radial or latitudinal differential rotation, or feedback on the stellar structure or lifetimes due to rotation. The models of van Saders et al. (2016) cover a range of compositions, ranging from [Fe/H] = −0.4 to [Fe/H] = +0.4 in steps of 0.1 dex, and encompass the majority of stellar metallicities we expect to encounter in Kepler stars. We use a simple chemical evolution model of the form ∆Y /∆Z = 1.0 to set the helium abundance in our models as a function of metallicity. A detailed description of the input physics in our models can be found in van Saders & Pinsonneault (2013) and van Saders et al. (2016) .
This choice of braking model represents only one of the many available in the literature, although it is standard in its construction: it is calibrated to reproduce the period distributions in young clusters and the Sun. The bulk stellar population in the Kepler field is expected to be old. In the TRILEGAL model, subject to the Kepler sample selection biases discussed in Section 2.4, 72% of the stars are between 2-10 Gyrs old. In contrast, only ∼4% of stars are younger than 0.5 Gyr. Many of the complications in the modeling of angular momentum loss and evolution are in the treatment of young stars: they display a spread in initial conditions, saturation in the magnetic braking at rapid rotation rates (Krishnamurthi et al. 1997) , and undergo core-envelope decoupling (see Denissenkov et al. 2010) . Furthermore, the rotation distributions of young rapid rotators can be biased by contaminating populations such as synchronized binaries and blends with highamplitude classical pulsators. In comparison, old stars have converged onto rotational sequences that are insensitive to these early physical phenomena; all literature braking laws calibrated on open clusters and the Sun tend to predict more or less the same behavior in old systems (with the notable exceptions of Reiners & Mohanty 2012; van Saders et al. 2016) . This fact motivates our use of van Saders & Pinsonneault (2013) as a "vanilla" braking law.
However, in light of recent results from Angus et al. (2015) and van Saders et al. (2016) , we do examine an additional alternate braking law, since it makes very different predictions than standard models in the literature. van utilizes same braking scheme as van Saders & Pinsonneault (2013) , with one modification: the prescription includes a critical Rossby number (Ro ≡ P rot /τ cz ), Ro crit = 2.16, above which angular momentum loss ceases. This modification is designed to reproduce the observed anomalously rapid rotation of old field stars with ages determined via asteroseismology, and results in more rapid rotation at late times than canonical braking formulations. We examine the predicted distributions of rotation periods using both the standard braking law, as well as this modified law which incorporates a critical Rossby number.
Galactic Stellar Population Model
In order to construct a reasonable theoretical stellar population for a sight-line through the Kepler field, we make use of a TRILEGAL galaxy model (Girardi et al. 2005 ) tuned for the Kepler field. We ran TRILEGAL using the standard values described in Girardi et al. (2005) for the initial mass function, star formation rate and agemetallicity relation functions, the geometric description of the Galaxy, and solar location. Binary stars were not simulated.
The Kepler focal plane is comprised of 21, 5 deg 2 CCD modules; during the original Kepler mission, the field of view was rotated every 93 days for reorienting the solar arrays. For simplicity, we simulate a 5 deg 2 field in TRILEGAL centered on each of the module centers. For each center position, we generate 5 realizations of the stellar population using TRILEGAL, in order to have an ample pool of simulated stars to which we can apply a Kepler -like selection function (see Section 2.4). In order to effectively match the TRILEGAL model to our stellar rotation models, we make use of only the masses, ages, compositions, positions, distances, and extinctions predicted by TRILEGAL. We then interpolate our stellar model grid to determine all other stellar parameters, including T ef f , log g, rotation period, luminosity, and τ cz . With this procedure, we ensure internal consistency between our predicted periods and stellar parameters, since the assumed physics and chemical evolution present in the input stellar models for TRILEGAL are slightly different from those in YREC. We consider only stellar masses and compositions that fall within our grid boundaries (0.4 We calculate stellar colors and magnitudes using the bolometric corrections and extinctions of Girardi et al. (2008) 1 . We ran the TRILEGAL model with an exponential disk treatment of extinction, with A V (∞) = 0.0378. Given the effective temperature, surface gravity, and luminosity from the YREC stellar models, in addition to the extinction and distance modulus for each star from the TRILEGAL model, we can estimate the magnitude of each object in the Kepler (K p ) band.
Matching the Kepler and MMA14 selection functions
The Kepler mission was designed with the specific intent to search for habitable-zone planets around FGKtype stars, and the target selection and prioritization reflect this fact (Batalha et al. 2010) . The process of selecting targets for observation accounted for the signalto-noise of potential transits, number of transits visible during the mission lifetime, minimum observable planet radius, and stellar magnitude. As such, FGK dwarfs are over-represented: hot stars and subgiants are excluded because of their large radii, and M-dwarfs because of their faintness. Rather than reproduce the full target 6500 6000 5500 5000 4500 4000 3500 3000
T selection exercise here, we instead match the observed distribution of stars in magnitude-T ef f -log(g) space that were searched for spot modulation in MMA14 (although see Bastien et al. 2014 , for a discussion of the fidelity of KIC stellar parameter estimates.). In practice, we divide all stars observed during the main Kepler mission into 10 K bins in effective temperature, 0.5 mag bins in Kepler magnitude, and 1.2 dex bins in surface gravity, using stellar parameters determined in Mathur et al. (2017) . We then draw randomly, with replacement, from all stars in all fields and TRILEGAL realizations until we match the number counts in each bin of the observed Kepler sample. We use this updated properties catalog as the best approximation to the "ground truth" of the distribution of stars that Kepler actually targeted. To mimic the selection of MMA14, we also apply the T ef f and log g cuts of Ciardi et al. (2011) to our model population, and select stars with K p < 16. The selected sample and its agreement with the MMA14 sample is shown in Figure 2 . Figure 3 provides details of how these cuts and selections alter the distribution of rotation periods in com- The population model subjected to the Kepler selection function and MMA14 cuts in log(g) and T ef f . In both panels, the solid red line represents the 95 th percentile period in the observed MMA14 distribution, and the dot-dashed red curve the 95 th percentile period in the model.
parison to a "raw" TRILEGAL model. Panel a displays the largely unaltered distribution of stars in period-Teff space from the TRILEGAL subject only to a magnitude cut of K p < 16. Panel b institutes both a correction for the Kepler FGK-star observational bias, and the additional cuts in T ef f and logg from MMA14. These selections have the effect of eliminating giants (evident at long periods), a fraction of the hot stars (> 6500 K), and some subgiants (with core hydrogen X c < 0.0002) from the sample.
Lessons from the Vanilla Model
Panel a of Figure 4 displays the rotation distribution obtained by folding together only the rotational models and the TRILEGAL population model for stars with K p < 16. Figure 4 provides an overview of the entire population before selection criteria are applied, broken into three groups: cool MS stars (zeroage main sequence (ZAMS) T ef f < 6250 K), hot MS stars (T ef f,ZAMS > 6250 K), and subgiants (defined as having core hydrogen X c < 0.0002). This diagram demonstrates that there is a significant diversity, at fixed period, in the rotational histories of stars due to the mixture of masses and evolutionary states. This diver- th and 5 th percentile periods in the observed MMA14 distribution. The yellow dashed line represents the track on the SGB for a star with ZAMS T ef f ∼ 6250K, which roughly demarcates the boundary between those hot stars that did not undergo braking on the main sequence (left of the curve) versus those that did (right of the curve) .
sity complicates the interpretation of rotation periods, particularly around solar temperature: a diagnostic of evolutionary state is a necessary ingredient for assigning meaning to a rotation period. Figure 5 shows the fraction of stars that are on the subgiant branch as a function of effective temperature and period for an FGK-biased (i.e. MMA14-like) sample of stars in TRILEGAL. Two regions of high subgiant fraction are apparent. Stars with temperatures of 5000 ≤ T ef f ≤ 6000K at long periods are objects nearing the base of the giant branch. When we examine those 1% of stars with the longest periods in MMA14, with effective temperatures 5000 − 5800K and with flicker-based gravities from Bastien et al. (2016) (∼ 40 stars), the median surface gravity is 3.74, in-6400 6200 6000 5800 5600 5400 5200 5000
T deed indicative of subgiants. The second concentration of subgiants appears at short periods, and represents stars that are born near or above the Kraft break as rapid rotators on the MS, and are now evolving to cooler temperatures along the SGB. Those stars in the MMA14 sample with flicker gravities in this region (6100 < T ef f < 6300K, 0.0 < log P < 0.5) have a median surface gravity of 3.79, again indicative of subgiants. In comparison, stars in the regions more heavily dominated by dwarfs (5400 < T ef f < 5800K, 1.0 < log P < 1.5, for example) contain stars with higher gravities (here a median flicker log g = 4.22). There are regions of the period temperature diagram that host very pure populations of unevolved stars, such as the cool (T ef f < 5000K) dwarfs. In a TRILEGAL population uncorrected for the Kepler target selection, subgiants are a significant contaminant: for stars hotter than 5500K, K p < 16 mag P < 70 days, 26% of the stars are evolved. This is higher than the subgiant fraction of 12% in this domain reported by Mathur et al. (2017) ; however, in either case the contamination fraction is significant. cool (< 5000K) stars. However, it is evident from Panel b of Figure 3 that there are far more long-period stars at solar temperature in the model than are actually observed. We now explore additions to our population model that may account for such a discrepancy.
A Detection Edge
We have thus far made no attempt to address the detectability of rotational spot modulation as a function of spectral type or period in the vanilla model. However, MMA14 found strong trends in the fraction of stars detected in spot-modulation as a function of spectral type, ranging from ∼ 0.8 in the M-dwarfs to only 0.16 in solar temperature stars. The detectability of spot-modulation will depend on the intrinsic amplitude of the signal in comparison to other sources of stellar or instrumental noise. The amplitude itself is a function of the number, size, contrast, and relative orientations of spots on the surface of stars, which presumably vary over the timescale of spot evolution and the activity cycle of a given star.
When discussing activity levels, it is not without precedent to invoke a Rossby number-amplitude relation. We define the Rossby number as the rotation period divided by the convective overturn timescale one pressure scale height above the convective boundary in our stellar models, Ro ≡ P/τ cz . Noyes et al. (1984) found that Ro appears to set the chromospheric activity in a star. Subsequent papers confirmed the correlation and noted the presence of a "saturation" in the relationship at very high activity level. Messina et al. (2001) confirmed that photometric variability increases with decreasing Rossby number, and Hartman et al. (2009) presented a relation between Rossby number and photometric variability for the young cluster M37, which takes the form of a power law at high Rossby number, and saturates for very low Rossby numbers. Given these empirical results, we use the Rossby number as a model-based predictor of the average magnitude of the starspot-induced variability. Figure 6 provides a visualization of the value of the Rossby number as a function of rotation period and spectral type in our population model. Under the assumption of a Rossby number-amplitude relation, lines of iso-Ro in this figure are approximately lines of isoamplitude. Under our assumptions, stars with smaller Ro values have higher amplitudes and are more easily detected in spot modulation. The upper envelope of rotation periods in the dwarfs in Fig. 6 is set by the oldest stars in the TRILEGAL model. Above 5500K, the longest period objects are those stars that have already left the MS.
Under this simplified picture, if there exists a threshold in spot modulation amplitude below which perioddetection methods become ineffective, this would also correspond to a threshold Rossby number, Ro thresh , above which modulation is undetected. It is clear from Figure 6 that a truncation of the distribution at a particular threshold value of Ro would result in edge in the observed period distribution at long periods, and that this edge moves to shorter rotation periods as the value of Ro thresh decreases. Notably, at a given value of Ro thresh , subgiant stars survive the cuts at longer periods than their main sequence counterparts at similar effective temperatures. This is due to the comparatively deeper convective envelopes in subgiants, meaning that they rotate more slowly at a given Rossby number. At a Rossby threshold of Ro thresh = 2, for example, the morphology of the upper edge in the period distribution for stars cooler than ∼ 5300K is set entirely by the oldest stars in the population; above 5300K it is set by the existence of a Rossby threshold, both among MS and SGB stars.
We can estimate the value of Ro thresh that best reproduces the observed upper edge in the MMA14 dwarf period distribution. Stars are divided into bins in effective temperature, and we calculate the 95 th percentile period in each bin. Stars are drawn with replacement in 1000 bootstrap resamplings to estimate the uncertainty on 95 th percentile period, and the process repeated for a range of Ro thresh . We repeat the exercise for the MMA14 sample, and then compared the observed period edge to that predicted in models with a Rossby detection threshold, utilizing the statistic
where n bins represents the number of temperature bins, P edge,mod,i and P edge,obs,i the periods at which 95% of stars in the sample are more rapidly rotating for the TRILEGAL model and observed MMA14 sample, respectively. The values σ edge,obs ad σ edge,mod are derived via bootstrap resampling in each bin. Stars are drawn at random with replacement in each bin, and the 95th percentile period value recalculated. Figure 7 displays the value of χ 2 as a function of Ro thresh . In the corresponding Table 1 , we provide the best-fit values of the threshold Rossby number with different assumptions about the population model, comparison population, and effective temperature scales. The top panel(a) of Figure  8 demonstrates the impact this Rossby threshold has on our modeled TRILEGAL population detections for Ro thresh = 2.08.
When searching for an optimal Ro thresh , we fit over the effective temperature range of 4500-6000 K, where blending of sources is expected to be less important in determining the observed period distribution (see discussion in Section 4.2.5). Figure 7 displays the fits for various manipulations of the TRILEGAL model. Using the Kepler selection corrected samples and adding a 1σ scatter in effective temperature of 100K (Brown et al. 2011) to the model values to mimic the KIC temperature uncertainties, we find a best fit Ro threshold of Ro thresh = 2.08. If we instead utilize the Pinsonneault et al. (2012) temperatures with 100K temperature errors for the comparison against the TRILE-GAL model, the best-fit threshold Ro is Ro thresh = 2.02. We explored the effect of removing subgiant stars from the sample before fitting for Ro thresh and find a negligible impact on the inferred value.
A Change in the Braking Law
A modified braking law with a critical Rossby number above which spindown ceases can also produce a sharp upper edge in a period distribution. Because the spindown stalls, stars in such a model "pile up" at long periods, evolving only very slowly in rotation due to physical changes in their radii and moments of inertia. In van this critical threshold was Ro crit = 2.16, determined using a small sample of stars with precisely determined asteroseismic ages and spot modulation rotation periods from Kepler. The bottom panel of Figure 8 shows our predictions for the period distribution of a TRILEGAL model population evolved under such a critical braking model, with Ro crit = 2.00. We imagine two scenarios. In the first, we assume that the paucity of long-period stars is entirely due to weakened magnetic braking, and ask which value of Ro crit best reproduces the observed edge by varying the value of Ro crit in the population model; we find a value Ro crit = 1.98. In the second scenario, we adopt Ro crit = 2.16 from van Saders et al. (2016) but also allow for a detection edge, yielding a best-fit threshold Ro thresh = 2.00. Details regarding the fit values for different temperature scales and underlying assumptions can be found in Table 1 . Figure 9 . The comparison between the predicted rotation distribution and observed rotation distribution after accounting for: 1.) MMA14 log(g)-Tef f cuts, 2.) Kepler mission bias towards observing FGK dwarfs, 3.) Ro thresh = 2.08 detectability cut, and 4.) 100K uncertainties in the T ef f scale. The color-coding of the background can be directly compared with the contours, which enclose 10%, 50%, and 90% of the MMA14 sample.
The distribution of stars in the TRILEGAL model, with MMA14 cuts, Kepler FGK bias, and effective temperature errors with this threshold (Ro = 2.08) is shown in Figure 9 , in comparison to the MMA14 contours. A fit utilizing the Pinsonneault et al. (2012) effective temperature scale with Ro thresh = 2.02 provides a qualitatively similar diagram, although subtle differences between the predicted distributions are present due to a shift in effective temperatures between the two scales, particularly in the hot stars.
The TRILEGAL model over-predicts the number of period detections by a factor of ∼ 2.7, even with the assumption that there is some Rossby threshold above which stars are not detected in spot modulation. We have not modeled the activity cycles of stars or accounted for the fact that a given star may occasionally present unfavorable spot patterns for detection, and expect that these effects account for at least part of the discrepancy between the number of periods detected in our model versus the observations. We discuss detection fractions further in Section 4.2.4.
DISCUSSION

Rotation-based ages
Large samples of rotation rates for dwarf stars are of particular interest to the community because of the potential to derive rotation-based ages using gyrochronology. Our population modeling highlights some of the difficulties in the practical application of gyrochronology relations to a stellar population. Dwarf stars must be separated from a mixture of hot, evolved, and blended sources, but differentiating among these populations can be difficult, particularly when surface gravity information is limited. Furthermore, the existence of a Rossby detection threshold (regardless of its origin) systematically biases the rotation-based ages of the stellar ensemble.
We show in Figure 10 the apparent age distributions that would be inferred from a detection-biased sample. In comparison to the full TRILEGAL population (subject only to target selection effects), a population in which only stars with Ro < Ro thresh are detected appears younger; old stars are preferentially missed. This effect is especially pronounced in solar temperature stars and nearly absent in the cooler stars, due to the fact that cool stars reach the threshold Rossby number at ages that often exceed the age of the galactic disk.
Subgiants also prove to be a confounding population, again particularly in samples of stars near solar temperature. Massive (and thus rapidly rotating) subgiants can be mistaken for young dwarfs, and extremely slowly rotating low-mass subgiants as exceptionally old stars. Figure 11 demonstrates the bias: we show the comparison between the true model age of a subgiant, and its apparent age if its period and color were used to infer its age via a standard gyrochronology relationship (Angus et al. 2015) . This is an area in which Gaia parallaxes will be exceptionally useful: one will be able to reliably discriminate between dwarfs and subgiants, thus avoiding this form of period confusion.
In both panels of Figure 10 we plot the age distribution one would have inferred were they to take our modeled stars and their periods as truth, and applied the Angus et al. (2015) gyrochronology relation. In this scenario, the age distribution is skewed young, for several reasons. First, presuming that stars with Ro < Ro thresh are not detected, old stars are missed, and empirical period-age relations will be subject to the same age bias discussed above. Second, rapidly rotating subgiants (in the absence of reliable subgiant/dwarf discrimination) get mistaken for young stars, causing intermediate-age stars to be tagged as young. Finally, our assumed braking model and the Angus et al. (2015) calibration predict slightly different periods for a star of a given age and color, in the sense that our model periods are somewhat shorter. By applying the Angus et al. (2015) calibration to our modeled periods, we therefore inject an age bias. This offset is more severe (20% in period) in the cooler stars, and less pronounced near solar temperatures. The calibration sample in Angus et al. (2015) contains essentially no old-star anchors at temperatures cooler than the Sun; it is therefore unsurprising (and not yet particularly concerning) that discrepancies appear between the two models in the coolest stars. Taken together, these features of the rotation distribution require that care is taken in the interpretation of rotation periods: period and color alone are not sufficient to fully understand rotating populations.
Origin of the edge: Detection threshold or physical phenomenon?
We have shown that for solar temperature stars, there appear to be far fewer slow rotators in the observed MMA14 sample than we would have predicted with a vanilla stellar population and braking law. We have also shown that we can reproduce this morphology either by assigning a threshold Rossby number above which detections are difficult, by changing the underlying braking law, or by invoking a combination of the two effects. Here we evaluate the various scenarios we have proposed, and suggest observational tests to distinguish among them.
Simple detection bias
Under the assumption that spot modulation amplitude scales with Rossby number (e.g. Messina et al. 2001; Hartman et al. 2009 ), the existence of an apparent Rossby edge in the population could be the result of a simple detection bias against low amplitude variability. In this scenario, the value of Ro thresh is set largely by the photometric precision of the survey and the sensitivities of the methodologies used to detect spot modulation. Improvements in observations or processing should result in a different inferred value of Ro thresh as stars become detectable at lower amplitudes.
Some features of the amplitude distribution of the detected rotational modulation are at odds with a simple detection edge. Those stars straddling the apparent edge in the MMA14 period distribution are not the lowest amplitude signals detected, as would be the expectation in a pure detection bias scenario. The median amplitude for a star in the 95th-99th percentile period range in MMA14 in a 100K temperature bin centered on 5800K is ∼ 1600 ppm, with a median period of ∼ 31 days. In contrast, cooler stars are observed with comparable amplitudes out to periods of 40 days, demonstrating that it is possible to detect signals of similar amplitude at longer rotation periods. Hotter stars are observed with amplitudes in the 100s of ppm (albeit with shorter rotation periods), demonstrating that substantially lower amplitude signals are also detectable.
Furthermore, if we examine the amplitudes of stars at all periods within a 100K bin centered at 5800K, we find that the lowest amplitude signals are not always observed in the longest period stars. In comparison to those stars at the observed period edge (95 − 99 th percentile periods), 9% of stars throughout the bin have lower observed amplitudes. Of those 9% of stars, 18% have periods less than 15 days. The likely presence of blended and contaminated sources provides a potential explanation for low amplitude modulation signals dispersed widely in temperature and period. Kepler pixels are large (4 arcsec), and the presence of binary companions or unassociated background stars in the pixel mask used to measure the stellar lightcurve can dilute modulation signals. Sources with diluted amplitudes will not be localized at the apparent detection edge, but rather spread throughout the temperature-period diagram.
A change in stellar spottedness
The origin of the edge could instead be rooted in physical changes in the spottedness and activity of stars as they age. A decrease in the spot coverages, lifetimes, spot sizes, or activity cycles of stars at a given Rossby number could result in an apparent sharp edge in the period distribution. If, for example, the evolution to high Rossby numbers triggered Maunder-like minima in old stars, they would become essentially undetectable in spot modulation. This is particularly interesting in light the Metcalfe et al. (2016) suggestion that the Sun is in the midst of a magnetic transition-as evidenced by its unusual magnetic cycle period, the presence of an activity cycle when other stars of the same spectral type and rotation periods show only flat activity, and the shutdown of magnetic braking around solar age suggested by van Saders et al. (2016) . Metcalfe & van Saders (2017) postulates that magnetic cycle periods lengthen as stars pass the critical Rossby number. Although the link between these other proxies of magnetism and the spottedness of stars is not precisely established, the presence of an upper edge to the period distribution is perhaps another symptom of the same underlying shifts in the magnetic character of stars at Ro ∼ 2.
If this scenario-that the edge is a result of a shift in the physical spot properties of stars-is the sole driver of Figure 10 . The comparison between the underlying age distribution in the TRILEGAL model, and age distribution after the stellar sample is subjected to a Rossby detection threshold. Right panel: stars with 5500 < T ef f < 6500K. The light gray histogram shows the TRILEGAL model, with a Kepler selection function and Kp < 16. The open histogram shows the same population and actual model ages, but is limited to those stars with Ro < Ro thresh . The dark gray histogram shows the ages one would have inferred using gyrochronology (using the calibration of Angus et al. 2015) , given the stellar rotation periods and color temperature relationship from Sekiguchi & Fukugita (2000) . Left panel: same as the right, but for 4500 < T ef f < 5500K. For all histograms, only stars with periods P < 70 days are shown, mimicking the period search in MMA14.
the morphology of the period edge, future efforts to measure spot modulation should yield an edge in essentially the same location as that observed in MMA14. Other methods of period determination, however, should detect stars at periods beyond the edge. Precise vsini's are a relatively clean way of testing the location of the edge, although they are technically challenging. Ca II H&K monitoring provides another window into the rotation rates, although there is no guarantee that a shift in spot properties is not accompanied by shifts in the other activity indicators. Asteroseismically inferred rotation periods (Davies et al. 2015; Nielsen et al. 2015) provide another relatively clean, if observationally intensive test. In each of these cases, the ability to perform the test is generally limited by the current sample size.
A change in stellar-spin down
In our simulations with the van braking law, we can produce an edge in the period distribution by shutting down magnetic braking for stars above a critical Rossby number. This explanation has the benefit that the edge in period detections and anomalous spin-down behavior noted in van Saders et al. (2016) and Angus et al. (2015) have a common source. However, the hallmark of such a model is a pileup of stars near the edge of the period distribution, which is not seen in the MMA14 sample. However, we show in Figure 12 that errors in the observed effective temperatures can effectively smooth this overdensity, erasing the "smoking gun" signature of modified braking. Furthermore, if both the braking properties and spottedness of stars undergo a simultaneous shift in their behaviors, it could result in an undetectable pileup.
If the edge in the period distribution is caused by a change in the underlying braking behavior of stars, it should be present in all diagnostics of rotation period: rotational velocities, Ca H&K monitoring, and asteroseismology should all arrive at period distributions that agree with the MMA14 period distribution. Improved stellar parameters should sharpen the period distribution and make a pile-up in period evident near the longperiod edge, provided that the change in braking is not also accompanied by a change in spot properties that makes long-period stars more challenging to detect. Although we predict a pile-up at long periods, stars do continue to evolve in period as they physically expand in the latter half of the MS while conserving angular momentum: stars can therefore be present above the edge created by a Ro crit braking law, albeit in smaller quantities. 
Unmodeled bias
Quite apart from the existence and origin of the long-period edge, there is still detection bias present in MMA14 that we have failed to model. Although our attempts to account for detection bias with a vanilla braking law produce a trend in the fraction of stars detected in spot modulation as a function of spectral type (with the detection fraction declining for hotter stars), it is not of the magnitude seen in MMA14. For example, assuming that all stars have inclinations i = 0
• , we would expect to detect all stars cooler than ∼ 5000 K and 68% of those with temperatures 5500 − 6000K in our standard model with a Rossby detection edge. If we instead assume that all stars host active regions at 30
• and that when inclined beyond 60
• spot modulation becomes undetectable, we would expect to detect ∼ 87% of those stars cooler than 5000 K, and ∼ 59% at 5500−6000K. In comparison, MMA14 detected ∼ 60% cooler than 5000K and 16% of those with temperatures 5500 − 6000K. The presence of magnetic cycles and evolving spot patterns is likely responsible for some portion of this discrep-6400 6200 6000 5800 5600 5400 5200 5000
T ancy. Figure 13 plots the detection fraction curves as a function of temperature for both the observed MMA14 sample and our model (assuming both orientation and Ro thresh effects). The observed detection fractions are lower than the model predictions in all temperatures bins, suggesting that we have not adequately modeled all factors that affect detectability.
Blends and Binaries
We comment briefly on the impact of blending and binarity of stars in our model population. Contamination can arise in several flavors: 1) close, synchronized binaries that affect the rotation periods of both stars, 2) wide binaries, in which two separate spot modulation signals are blended within a given lightcurve but are otherwise consistent with single-star evolution, and 3) unassociated blends/contamination, in which light from an unassociated star either dilutes or contributes to the modulation signal. Synchronized binaries will manifest themselves as rapid rotators with periods of a few days, and while they are an important contaminant when searching for young stars, they do not impact our conclusions about the long-period edge. Likewise, the diluting effect of additional light from a companion star may affect the • are undetectable in spot modulation.
detectability of a given modulation signal and final sample amplitude distributions, but dilution should occur across the entire period-temperature diagram and does not alter the periods themselves. The effects of an additional modulation signal from wide binaries and unaffiliated blends can be more subtle. K2 observations of Praesepe and the Pleiades provide a clean laboratory to test the effects of binarity on lightcurves: stars are known to be of the same age, and their rotation periods are generally short and spot modulation of high amplitude. Some ∼ 20 − 25% of stars in the Rebull et al. (2016 Rebull et al. ( , 2017 have multiple highly significant periodicities evident in their lightcurves. In the rapidly rotating M dwarfs, in particular, these multi-period stars are often also photometric binaries (Stauffer et al. 2016; Rebull et al. 2016 Rebull et al. , 2017 , suggesting that the two periods correspond to the rotation periods of both components. Furthermore, slowly rotating cluster members are evident above the slow cluster sequence (Stauffer et al. 2016) ; these stars are most likely binaries, where the abnormally slow period is actually that of a more active, more slowly rotating cool companion. A detailed analysis of the confounding effects of binaries and blends on spot modulation signals is a topic of future work and beyond the scope of this article; for now, we provide a word of caution that the interpretation of rotation periods can be complicated by the presence of unrecognized blended or binary companions.
The diagnostic power of the period edge in cool stars
We have discussed the upper edge in the period distribution stars hotter than ∼ 5000 K extensively; however, in each of these scenarios, the edge in the cooler stars is purely the result of a stellar population with a finite age. Given a particular braking prescription, a population with a finite age will naturally show an upper edge in the period-temperature diagram. Our models reproduce the edge in the cool stars well, regardless of any complicating Ro thresh or Ro crit modifications. Because this upper edge is set only by the presence of old stars and the strength of a vanilla magnetic braking prescription, it can provide interesting physical constraints. In a population that is not well understood, standard braking laws can provide an estimate of the oldest stars in the population. If instead we have a population whose age distribution we think is well-understood (in principle easier than providing precise ages for individual stars), this upper edge is yet another constraint on the strength of magnetic braking, and can be used as an old-star calibration point in period-age relations.
Unexplained features in the rotation distribution
There are a number of features in the MMA14 distribution that we have thus far been unable to explain with our population model: namely the "dip" in the M star rotation periods, the bimodal period distribution observed in the cool stars, and sharp lower edge to the period distribution (see Figure 1) . McQuillan et al. (2013) and McQuillan et al. (2014) suggested that the observed period bimodality may be due variations in the age distribution of stars in Kepler field. In particular, they invoke bursty star formation in the solar neighborhood to explain the bimodality in cool stars, while also explaining the disappearance of the bimodality at temperatures hotter than 4500 K with the observation that hotter stars can be seen to larger distances. Davenport (2017) found, using the subset of the MMA14 sample with Gaia parallaxes to isolate dwarf stars, that this bimodality extends through into the hot stars in the MMA14 sample. This result is in agreement with our prediction that the period-temperature diagram is contaminated with crossing subgiant stars for temperatures above ∼ 5800K. The age distribution in the TRILEGAL model, as is, does not include this bursty, localized star formation, and displays no such bimodality. An artificially added burst of star formation with a duration of ∼ 0.5 Gyr can qualitatively reproduce the short-period feature observed in MMA14, and a sharp lower edge to the period distribution. If we assume that stars closer than 500 pc have a bursty star formation history, we can also reproduce a bimodality that fades at ∼ 4500 K. Notably, the morphology is not reproduced entirely successfully: the braking law produces a "downturn" in the observed period of the bimodality for the coolest stars, due to the presence of stars with rotation rates in the saturated domain for angular momentum loss. 4.5. The future: Gaia, TESS, and K2
We make a number of predictions directly testable with upcoming data from space missions.
1. Gaia will enable efficient subgiant vs. dwarf discrimination. Davenport (2017) has already demonstrated the apparent period bimodality extended into the hot stars by selecting dwarfs with Gaia DR1; we argue that this is primarily because the signature was obscured by "contaminating" subgiants in the absence of precision surface gravity/luminosity constraints. Gaia DR2 will provide precision parallaxes for every star in MMA14, providing a direct test of whether populations enumerated in Figure 3 are present.
2. K2 and TESS asteroseismology will provide measurements of the near-surface rotation from rotational splitting of the oscillation frequencies that do not depend on spot-modulation. This will provide a test of whether the long-period edge is due to detection bias, modified braking, or a shift in stellar spottedness.
3. Spot-modulation rotation periods from K2 and TESS will probe different regions of the sky and thus different stellar populations. If the longperiod edge to the period distribution is tied to the physics of magnetic braking or stellar spottedness, it will be universally observed. If, on the other hand, it is a pathological feature of the stellar population in the Kepler field, it will not be observed along all other sight-lines.
Conclusions
By coupling a TRILEGAL model of the galaxy with theoretical rotation models, we can largely reproduce the observed distribution of rotation periods in MMA14. In order to do this we must account for selection biases, and in particular, institute a Rossby threshold above which we assume that stars are not detected, or weaken the magnetic braking law. The best-fit Rossby detection threshold of Ro thresh = 2.08 naturally matches the shape of the observed drop-off of detections of longperiod stars in the MMA14 sample. We argue that this edge is likely physical in origin, rather than a pure detection edge, and is the result of either an abrupt change in the spottedness of stars or their braking behavior. Our rotation modeling emphasizes the fact that we expect to see a mixed population of hot, evolved and cool main sequence stars, and that these populations overlap in period-T ef f space, making the interpretation of rotation periods in the context of gyrochronology more challenging. This mixture of populations and Rossby detection threshold conspire to severely bias the rotation-based ages of stars in this sample, a feature which must be appreciated before realistic age distributions can be extracted from this, or any other large rotational dataset.
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